Buoyant flow beneath oceanic spreading centres can be driven by density gradients due to thermal expansion and compositional gradients arising from the extraction of melt. Numerical experiments are used to examine the pattern of mantle flow and melting produced by these two sources of buoyancy. Compositional buoyancy leads to three-dimensional flow beneath the spreading axis with along-axis variations in upwelling and melt production. Thermal buoyancy drives axis-parallel circulation and convective rolls aligned perpendicular to the spreading axis that originate at a distance off-axis controlled by the spreading rate and mantle viscosity. The distance from the axis to the onset of observed sea-floor gravity lineations may show a similar dependence on spreading rate. Compositional density stratification suppresses the formation of thermally driven rolls near the axis, and when it is large causes the thermal rolls to become unstable, leading to time-dependent behaviour. The amount of crust produced is less sensitive to spreading rate than in passive flow models, however it has a maximum at intermediate spreading rates, due to the presence of thermally driven upwelling in the melting region. Along-axis variations in upwelling and melt production suggest that buoyant flow may have an important effect on the segmentation of spreading centres, particularly at slow spreading rates.
INTRODUCTION
Oceanic spreading centres are fundamentally threedimensional, with the spreading axis segmented on a variety of scales (Phipps Morgan 1991) . Along-axis variations in the dynamic support of topography, and in the amount of melting and crustal production (Kuo & Forsyth 1988; Lin et al. 1990; Madsen et al. 1990; Blackman & Forsyth 1991) indicate that flow in the mantle beneath spreading centres is three-dimensional.
Buoyant upwelling due to the presence of melt has been proposed as a cause of spreading centre segmentation and along-axis variations within segments (cf. Whitehead, Dick & Schouten 1984; Crane 1985) . However, if melt migration is as rapid as suggested by recent studies (e.g. Ahern & Turcotte 1979) , then the amount of melt present in the mantle may be small. Buoyant flow beneath spreading centres may also be driven by density variations arising from thermal expansion and the intrinsic, irreversible density reduction due to the extraction of melt. Previous three-dimensional studies have treated only buoyant flow driven by compositional variations (Parmentier & Phipps Morgan 1990) . Three-dimensional upwelling develops but only at low spreading rates, suggesting a possible explanation for the important differences in the structure of slow and fast spreading centres.
We have conducted a series of numerical experiments that explore the combined effects of buoyancy forces due to thermal expansion and compositional gradients in the mantle beneath spreading centres. The importance of thermal buoyancy increases as the thermal boundary layer thickens with distance from a spreading axis, and the scale of flow generated by thermal buoyancy must be controlled by viscosity structure of the mantle. In contrast, compositional buoyancy is localized beneath the spreading centre, and creates a stably stratified mantle away from the spreading axis, over a depth comparable to the maximum depth of melting. The effects of compositional buoyancy on mantle flow are to enhance upwelling beneath the spreading axis where lower density depleted mantle extends to greater depth, and to suppress vertical flow in the compositionally stratified layer away from the spreading axis. Compositional buoyancy leads to three-dimensional flow beneath the spreading axis, and along-axis variations in upwelling and melt production. Thermal buoyancy drives upwelling beneath the axis and convective overturn, which forms rolls aligned perpendicular to the spreading axis. The distance from the axis at which these rolls form is controlled by the spreading rate, mantle viscosity and relative strength of compositional buoyancy. At slow spreading rates, thermal rolls significantly affect flow structure beneath the spreading axis, leading to large along-axis variations in melt production. We will explore the implications of these results for spreading centre structure.
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BUOYANCY BENEATH SPREADING CENTRES
In this study, we consider thermal and compositional buoyancy forces, but do not include the buoyancy forces resulting from the presence of melt in the mantle. Basaltic melt generated by decompression melting should exist as an interconnected network of channels along the triple junctions of olivine grains at melt fractions as low as one per cent (Cooper & Kohlstedt 1986; Daines & Richter 1989) . Porous flow through this network is a rapid and efficient mechanism for extracting melt from the mantle (Ahern & Turcotte 1979 ). Therefore we assume that melt is extracted as rapidly as it is generated. This, however, depends significantly on the connectivity of melt at low melt fractions. If a significant fraction of melt is retained in the mantle (>3 per cent melt-filled porosity) this source of buoyancy may drive small-scale circulation that concentrates upwelling near the axis (Buck & Su 1989; Scott & Stevenson 1989) . Resolving this flow in three dimensions will be left to a future study.
Compositional buoyancy beneath spreading centres is created by the reduction of the intrinsic density of the residual mantle that occurs as melt is extracted. During partial melting of periodotite, iron is preferentially partitioned into the melt, relative to magnesium. Therefore as the melt is extracted, the residual depleted solid is less dense than unmelted mantle. The melting of the dense minerals, spinel and garnet, enhances this density decrease (O'Hara 1975; Oxburgh & Parmentier 1977; Jordan 1979) . Mantle that upwells directly beneath the axis of a spreading centre experiences more melting than mantle that upwells off-axis, thus creating lateral density variations. These density variations drive buoyant flow that enhances and focuses upwelling beneath the axis (Scott & Stevenson 1989; Sotin & Parmentier 1989 ). This focusing, however, is not large and does not qualitatively change the shape of the melting region. Far from the spreading axis, where flow is primarily horizontal, the degree of depletion decreases with depth, and the mantle is stably stratified over a depth comparable to the maximum depth of melting beneath the axis.
Compositional buoyancy alone results in threedimensional flow beneath spreading centres consisting of broad centres of enhanced upwelling and melt generation, separated by narrow regions of reduced upwelling (Parmentier & Phipps Morgan 1990) . This threedimensional flow forms spontaneously from initially two-dimensional flows at low mantle viscosities and low spreading rates. A similar flow structure develops beneath a spreading centre offset by transform faults (Sparks & Parmentier 1990 ).
Thermal buoyancy should be less important than compositional buoyancy beneath the spreading axis (Sotin & Parmentier 1989) . In this region, temperature is buffered by melting, so that large horizontal gradients are not present. As mantle diverges from the spreading axis, conductive cooling creates a thickening thermal boundary layer. The density increase due to thermal expansion (contraction) causes instability of this boundary layer when it becomes thicker than the stably stratified compositional layering.
Convective overturn then results. In the presence of shearing flow caused by the movement of the oceanic plates, convective rolls oriented in the spreading direction would be expected to form (Richter 1973) .
NUMERICAL FORMULATION
To investigate the combined effects of thermal and compositional buoyancy, we calculate the mantle flow, temperature, melting and depletion fields in a region near a spreading centre axis (Fig. 1) . The evolution of temperature, T , depletion, E , and velocity, u is described by the conservation equations for energy and melt depletion, and the equations of motion:
pv2u -vp -pg = 0.
(4)
Here t is time, p is pressure, p is mantle viscosity, p is density, g is the acceleration due to gravity, L is the latent In all experiments the y and z dimensions of the box were 100 and 200 km, respectively. The x-dimension (direction of spreading) ranged from 800 to 1200 km. of heat of melting and C is the specific heat at constant pressure, and K( = lo6 m' s-' ) is thermal diffusivity. The rate of melting, M , is the material derivative of the degree of melting, F, which is assumed to vary linearly with temperature above the solidus.
Taking Cp = lO'J kg-' "C and L = 6 x lo5 J kg-', melting is complete (F = 1) at 600 "C above the solidus. Temperature is calculated using finite-difference approximations of (1) with alternating direction implicit time-stepping, upwind differencing of the advective terms and central differencing of the diffusion terms. Symmetry conditions are applied to the vertical boundaries and the temperature is fixed on the horizontal boundaries. Near the vertical, axis-parallel outflow boundary, the temperature field is prescribed to be independent of distance from the axis, forcing the temperature and buoyant flow to be two-dimensional far from the axis. The outflow boundary is placed far from the spreading centre, to minimize its effect on flow in the melting region and on the onset of convective rolls. Temperature at the surface ( z = 0 ) is 0°C. Temperature of upwelling mantle is a uniform 1380°C, chosen to produce enough melt to make approximately 6 km of basaltic crust. Along-axis variations in temperature or upwelling velocity may be present due to three-dimensional structure of the large-scale mantle flow. However, our numerical experiments are not intended as a simulation of flow in the whole mantle but are designed to understand aspects of flow due to thermal and compositional buoyancy intrinsic to the region beneath a spreading centre.
Depletion is calculated using a material tracking method (Sotin & Parmentier 1989) . At any time, the current velocity field is used to back-track material along flow lines from grid nodes, where the value of depletion is bilinearly interpolated from the depletion field at the previous time. The new value for depletion is calculated explicitly by adding the additional melting that occurs during advection to the grid node. This method is chosen to reduce the numerical diffusion perpendicular to the transport direction that is introduced by upwind differencing.
We assume that density decreases linearly with increasing temperature and depletion:
Here po is a reference density, (Y is the coefficient of thermal expansion (3 x lOP5"C-'), and j 3 describes the change in density with composition. The decrease in Fe/Mg with melting gives / 3 = 0.024 (the density decrease due to 25 per cent melt extraction is equivalent to a temperature increase of 200°C). If garnet is present in the melting region, /3 may be as high as 0.06. We conducted numerical experiments with these two /3 values, as well as for /3 = 0.
The viscous flow has three components: passive flow driven by the spreading plates, dilatational flow due to the extraction of melt, and buoyant flow driven by horizontal density gradients. The passive plate-spreading component, which represents large-scale flow in the mantle, consists of upwelling beneath the axis and horizontal flow far from the axis (shown schematically by the streamlines in Fig. 1 ). It is approximated by the steady, two-dimensional analytic solution for plate-driven flow in a half-space (Reid & Jackson 1981) . For small rates of melting, the dilatational component is small (Sotin & Parmentier 1989 ) and is neglected.
The strong temperature dependence of viscosity due to thermally activated creep is approximated by an idealized rheology in which the mantle is rigid below a prescribed transition temperature and uniformly viscous above this temperature. Buoyant flow is thus calculated within a constant-viscosity asthenosphere that is overlain by a rigid, cold thermal boundary layer, or lithosphere, which moves horizontally at a prescribed spreading rate. To explore a range of mantle rheologies, we used values of 800 and 1100 "C for the rheological transition temperature that defines the base of the lithosphere. To account for increasing viscosity with pressure, buoyant flow is confined within a 200 km deep viscosity layer, or asthenosphere ( Fig.  1) . A no-slip boundary condition for buoyant flow causes the total flow at the bottom of the asthenosphere to be the plate-driven flow. The mantle flow beneath the asthenosphere is due to plate spreading alone.
In several numerical experiments we prescribed the mantle upwelling temperature at a depth of 100 km beneath the bottom of the asthenosphere. In this case the temperature at the bottom of the convecting asthenosphere is controlled by the advection and conduction of heat both in the asthenosphere and in deeper mantle. However, in the majority of our experiments, we instead prescribed the temperature at the bottom of the asthenosphere. This allowed us to maximize numerical resolution in the convecting layer and has a predictable, quantitative effect on our results.
With buoyant flow velocity, u, derived from a vector
the equations of motion (3),(4) can be written as a biharmonic equation for each component
P
With no vorticity in the vertical (z) direction, we need only solve for the vx and vY components of the potential (vz = 0). The velocities are determined from (7) by centred finite differences. The no-slip boundary conditions on the z (horizontal) boundaries, and the symmetry conditions on the vertical x and y boundaries are, respectively: Symmetry conditions on the vertical sides of the region confine convective patterns and allow a maximum along-axis wavelength of flow that is twice the width of the region.
Equation (8) is approximated by a 25 point central finite-difference operator, resulting in a system of linear algebraic equations. The system of equations is solved using a preconditioned conjugate gradient iterative method in the NSPCG subroutine package (Oppe, Joubert & Kincaid 1989) . To enforce the rigid rheology of the lithosphere, the values of the potential are set to be zero at all grid nodes with a temperature below the transition temperature. The buoyant flow velocities are small, but not exactly zero at the lowermost nodes within the rigid plate, effectively producing a slightly diffuse rheological boundary that is about one grid-spacing wide. Changes in temperature and corresponding thickness of lithosphere at each time step requires refactoring the matrix during the preconditioning, which is the most time-consuming part of the flow solution.
To prevent small variations in temperature about the transition value from causing the matrix to be refactored at every time step, we require the temperature of a node to deviate by more than 10 "C from the transition temperature before it changes from viscous to rigid, or vice versa.
The grid spacing in most of the calculations presented here was 10 km vertically, 5 km in the along-axis direction and variable in the spreading direction, increasing from 10 to 25 km with increasing distance from the axis. This is the highest resolution feasible for exploring a range of parameters. We conducted some more highly resolved calculations using a multi-grid iterative flow solver (Parmentier, Sotin & Travis 1992) . The velocity-field solutions from the two solvers on the same grid agree to within 1 per cent. A factor of three increase in vertical resolution in the melt region results in about 20 per cent more melt generation, but qualitatively the results remain unchanged.
CONVECTIVE PATTERNS
We conducted numerical experiments for a range of viscosities and spreading rates (Table 1) . For each spreading rate, we considered a sequence of decreasing viscosity, with the highest viscosity experiment started from the twodimensional purely passive flow solution. Each successive experiment used the previous, higher viscosity solution as an initial condition. A small along-axis perturbation was added to the temperature and depletion fields of two-dimensional initial conditions. At high viscosities the solutions remain two-dimensional. However, when the viscosity is low enough, the perturbation results in three-dimensional flow. Two types of steady-state convective patterns were obtained: a thermally and compositionally driven upwelling beneath the axis, and thermally driven convective rolls.
Figs 2(a) and (b) show the three-dimensional flow that develops beneath the spreading axis in purely compositionally driven flow. A broad centre of enhanced upwelling, and a narrower region with almost no upwelling develops, similar to the convective pattern seen in previous studies with only compositional buoyancy (Parmentier & Phipps Morgan 1990 ). This three-dimensional structure occurs at low spreading rates and mantle viscosities. At higher viscosities and spreading rates the flow is two-dimensional. Because the depleted, buoyant mantle is partly within the rigid lithosphere, increasing the rheological transition 7.5 10.6 13.4 12.6 10.3 9.6 9.1 9.5 7.4 and the transition to three-dimensional flow moves to lower spreading rates and viscosities. At a viscosity of 2 x 10l8 Pas, the spreading rate at which flow became three-dimensional decreases from 3 to 2cmyr-' to less than lcmyr-' as the transition temperature was increased from 0 to 800 to 1100 "C.
When thermal buoyancy is included, the centre of upwelling beneath the axis becomes more localized (Fig.  2c) . Because thermal buoyancy enhances convection, it causes the transition to three-dimensional flow to occur at The half-spreading rate is 0.9 cm yr-', mantle viscosity is 1.5 X 10" P a s and the transition temperature is 1100°C.
higher viscosities and spreading rates than with only compositional buoyancy. At 1 cm yr-', flow beneath the axis becomes three-dimensional between loL9 and 2 x 1019 Pa s. However, even at these viscosities, vigorous thermal convection requires very fine finite-difference grids to resolve the flow. Therefore we have not defined the transition to three-dimensional flow for a wide range of spreading rates. Thermal buoyancy drives convective overturn, creating horizontal vorticity both parallel and perpendicular to the spreading axis. Fig. 3 shows cross-sections of a typical experiment with well-developed thermal convection, consisting of an axis-perpendicular roll and an along-axis circulation. In this experiment, the upwelling mantle temperature is prescribed at 100 km beneath the bottom of the asthenosphere. The downwelling limb of the convective roll (Fig. 3b) advects low-density depleted material down into the asthenosphere. The roll does not form directly beneath the axis (Figs 3d-g ), but develops where the thermal boundary layer becomes thicker than the compositionally buoyant layer. An along-axis circulation is well-developed in the axis-perpendicular plane containing the downwelling limb of the convective roll (Fig. 3b) , but not in the plane containing the upwelling limb (Fig. 3a) . There is a local maximum downwelling at the intersection of the along-axis circulation and the downwelling limb of the roll (at about 560 km from the spreading axis in Fig. 3c ). This maximum occurs at the onset of the axis-perpendicular roll, defined below.
The distances from the axis to the onset of axisperpendicular rolls in the numerical experiments are shown in Fig. 4 , for experiments in which the temperature boundary condition is placed at the bottom of the asthenosphere. This onset distance corresponds to the vertical axis-parallel plane in which the ratio of the largest downwelling velocity to the largest upwelling velocity reaches a maximum. With temperature prescribed on the bottom on the asthenosphere, rather than at greater depth, the upwelling limbs of convective rolls are hotter by 10-30°C, and the rolls form closer to the spreading axis at the same spreading rate and mantle viscosity (note that the onset distance for the experiment at the same spreading rate and viscosity as in Fig. 3 is 320 km) . The strength and position of the rolls are affected by the outflow boundary only when they form within about 100 km of this boundary. The rolls become more vigorous and form closer to the axis as viscosity or spreading rate is decreased (Fig. 4a) .
Three-dimensional convection will thus play a larger role in the segmentation of spreading centres and in the along-axis variation in spreading centre structure at slow spreading rates.
With increasing compositional buoyancy (p), the onset distance increases by as much as 200 km over the purely thermally driven case (Fig. 4b) . The upwelling driven by compositional buoyancy and the resulting stable density stratification suppress the formation of thermal rolls near the axis. Compositional buoyancy may also play a part in determining the along-axis wavelength of rolls, since shorter wavelength rolls develop in some experiments with only thermal buoyancy. The preferred along-axis wavelength of thermally driven convective roils increases with distance from the axis (Buck & Parmentier 1986) , so the effect of compositional buoyancy in stabilizing the thermal boundary layer near the axis may lead to longer wavelength off axis rolls.
In some of the high$ experiments, compositional buoyancy gives rise to an instability in the thermal rolls, causing the flow to be time dependent (Fig. 5) . Slightly depleted mantle is entrained within the downwelling limb of an axis-perpendicular roll (shaded region between 400 and 800km from the axis in Fig. 5a ). The axis-parallel circulation, centred at about 350 km from the axis, advects this depleted mantle toward the spreading axis, where flow is primarily two-dimensional. As this material warms it becomes buoyant and creates an along-axis perturbation in the thermal boundary layer with opposite vorticity to the existing roll. In time this perturbation will develop into a roll which will grow as it is advected away from the spreading centre until reaching about 400km in length, when a new perturbation will form at the near-axis end of the roll. Fig. 5(b) shows an incipient downwelling at about 200 km from the axis, and the upwelling limb of a fully developed roll, and the downwelling limb of an older roll near the outflow boundary. This time-dependent behaviour appears to be a three-dimensional version of that observed previously in two dimensions (Sotin & Parmentier 1989) .
IMPLICATIONS OF S P R E A D I N G CENTRE STRUCTURE
We now examine the implications of these numerical experiments for mantle properties and spreading centre processes based on observations such as the much larger along-axis variation in topography and gravity at slow spreading rates (cf. Lin & Phipps Morgan 1992) and the formation of gravity rolls at high spreading rates (Haxby & Weissel 1986 ).
Buoyant flow and along-axis variability
An oceanic crustal thickness independent of spreading rate (cf. Raitt 1968; Chen 1992 ) is a fundamental characteristic of spreading centres. The amount of melt generation predicted by purely passive flow models decreases markedly as spreading rate decreases (Reid & Jackson 1981) . In two-dimensional, compositionally driven buoyant flow at low viscosity (Sotin & Parmentier 1989) , crustal production remains relatively constant as spreading rate is decreased, except at the lowest spreading rates.
The amount of basaltic crust produced in our threedimensional experiments is shown in Fig. 6(a) . Crustal thickness is calculated from melt production averaged along the axis, assuming all melt is extracted. For the lowest viscosities, strong thermally driven upwelling enhances melt production beneath the axis relative to that for purely passive upwelling and also produces melt well off the axis. Fig. 6(b) shows the cumulative amount of crust generated with increasing distance from the axis. At lower spreading rates melting occurs only in a continuous region beneath the axis. Thermal rolls entrain previously unmelted mantle and produce melt in a region that extends along their upwelling 
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limbs. At high spreading rates, when the roll forms far off the axis, the region of melting in the upwelling limb is not connected to the region of melting beneath the axis (see Fig.  3a ). This is shown by the off-axis increase in some of the cumulative melting curves shown in Fig. 6(b) . In this case, melt which is not connected to the spreading axis by a region containing melt cannot migrate to the axis by porous flow and should not contribute to crust emplaced at the axis. Therefore we recalculate crustal production excluding melt formed beyond the melting region beneath the axis (Fig. The variation of crustal production with spreading rate shown in Fig. 6(c) is due to the different dependence on spreading rate and viscosity of several forces that drive upwelling. Melt generation by passive and compositionally driven upwelling, which depend on both spreading rate and mantle viscosity, decreases at the lowest spreading rates. The strength of thermally driven upwelling, both beneath the axis and in thermal rolls, is controlled primarily by the mantle viscosity and is relatively independent of spreading rate. However upwelling in the thermal rolls generates melt only when it occurs within the region where the temperature is above the solidus. For a viscosity of 1019 Pa s, this occurs only at spreading rates below 4 cm yr-'. The combination of these effects generates a maximum in melt production at about 3cmyr-'. As viscosity is reduced, this maximum occurs at higher spreading rates, since the thermal rolls form closer to the axis. Although such a maximum has not been identified in existing observations, the variability of crustal thickness at low spreading rates is large (Chen 1992) . As in previous studies with only compositional buoyancy (Sotin & Paramentier 1989) , crustal thickness decreases only slightly as spreading rate decreases, in better agreement with available observations (Chen 1992 ) than purely passive spreading. Along-axis variations in melt production are much larger at low viscosities and slow spreading rates. This may explain the observed spreading rate dependence of along-axis variations in topography and gravity. Fig. 7 shows the along-axis variability in experiments that are not affected by off-axis melt production in the axis-perpendicular rolls. Variations in melt production would be reflected in crustal thickness variations if there were no along-axis melt migration. Along-axis variations in melt production are caused by variations in upwelling velocities directly beneath the axis and, to a lesser extent, variations in the width of the melting region. Gravity studies (Kuo & Forsyth 1988; Lin et af. 1990 ) and seismic studies (Cormier, Detrick & Purdy 1984; Purdy & Detrick 1986) propose 50 per cent thinning of crust toward fracture zones along the Mid-Atlantic Ridge. The largest variations, particularly at a spreading rate of 0.9 cm yr-' (Fig. 7b) where the crustal production vanishes along part of the spreading centre, indicate that along-axis melt migration during crustal emplacement is required unless mantle viscosities are greater than 10" Pa s.
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Buoyant flow and gravity rolls
Axis-perpendicular convective rolls may explain the gravity lineations aligned with plate motion seen in satellite altimetry measurements (Haxby & Weissel 1986) . Seasat altimeter data provide evidence for linear geoid features, termed 'gravity rolls', with along-axis wavelengths of 150-500 km, which extend across the Pacific in the present-day direction of plate motion. A gravity anomaly and corresponding sea-floor topography over the upwelling limb of a convective roll may be caused by relatively low-density mantle or increased crustal thickness. The discovery of volcanic ridges along one of the Pacific gravity rolls led to the suggestion that the rolls are at least partly volcanic in origin (Winterer & Sandwell 1987) . In our numerical experiments at Pacific-type spreading rates, convective rolls form outside the axial melting region and do not produce crustal thickness variations at the spreading axis. At viscosities less than 10" Pa s, melting occurs in the upwelling limb of convective rolls, but only for a limited distance from the axis (e.g. Fig. 3a) . Melt forming in regions not connected to the axis, which occurs only at the spreading rates greater than 4 cm yr-', may segregate to form off-axis seamounts and crustal intrusions over the upwelling limb of a roll. If the gravity rolls are due primarily to thickened crust, they would form closer to the spreading axis than the onset of convective rolls, as defined in Fig. 4 .
At least some gravity rolls appear to be continuous across older fracture zones, which is difficult to reconcile with a volcanic origin at or near the spreading centre. If gravity rolls are continuous, this favours a dynamic origin related to the upwelling and downwelling limbs of convective rolls. Detailed gravity, seismic and sea-floor mapping studies of the intersection of gravity rolls with fracture zones are needed to resolve this question.
Gravity rolls in the Pacific do not appear to be well-developed on sea-floor younger than 5 Myr, within 500 km of the spreading axis. At a spreading rate of 9 cm yr-', thermal rolls in our experiments with / 3 = 0.024 form at 500 km from the axis for a viscosity of slightly less than 5 x 1018Pas (Fig. 4a) . At slower spreading rates (less than about 5cmyr-'), thermal rolls are predicted to form closer to the spreading axis. Gravity lineations on the north flank of the slower spreading (-3 cm yr-') southeast India Ridge appear to form at 200 km from the spreading axis (based on a visual estimate from Plate 2 in Haxby The time-dependent experiments (Fig. 5 ) predict gravity features that alternate sign in the spreading direction. A regular axis-perpendicular pattern is not apparent in the geoid data. If this pattern is not present, the strength of compositional buoyancy due to melt extraction must be nearer to our low-/? case, or the instability caused by compositional buoyancy results in a type of flow not examined in our numerical experiments, such as along-axis propagation of the rolls (Parmentier 1989 ).
